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We experimentally realize the spin-tensor momentum coupling (STMC) using the three ground
Zeeman states coupled by three Raman laser beams in ultracold atomic system of 40K Fermi atoms.
This new type of STMC consists of two bright-state bands as a regular spin-orbit coupled spin-
1/2 system and one dark-state middle band. Using radio-frequency spin-injection spectroscopy, we
investigate the energy band of STMC. It is demonstrated that the middle state is a dark state in
the STMC system. The realized energy band of STMC may open the door for further exploring
exotic quantum matters.
Ultracold atomic gases provide a versatile platform for
exploring many interesting quantum phenomena [1–4],
which give insights into systems that are difficult to re-
alize in solid state systems [5–7], and especially study
quantum matter in the presence of a variety of gauge
fields [8–13]. A prominent example is the spin-orbit cou-
pling (SOC), which is responsible for fascinating phe-
nomena such as topological insulators and superconduc-
tors [6, 7], quantum spin Hall effect [14]. The syn-
thetic one-dimensional (1D) SOC generated by a Ra-
man transition has been implemented experimentally for
bosonic [15] and fermionic [16, 17] atoms. The 1D SOC
has also been realized with lanthanide and alkali earth
atoms [18–20]. Recently, the experimental realizations
of two-dimensional SOC have been respectively reported
in ultracold Fermi gases of 40K [21, 22] using a tripod
scheme in a continuum space and Bose-Einstein conden-
sate (BEC) of 87Rb [23] using a scheme called optical Ra-
man lattice in two-dimensional Brillouin zone, where the
Dirac point and nontrivial band topology are observed.
All of these proposed and realized various types focus on
spin-vector momentum coupling for both spin 1/2 and
1 [15–17, 21–27], while high-order spin-tensors naturally
exist in a high-spin (larger or equal to 1) system.
A theoretical scheme for realizing spin-tensor momen-
tum coupling (STMC) of spin-1 atoms has been pro-
posed recently and some interesting phenomena were pre-
dicted [28]. Here, STMC consists of two bright-state
bands as a regular spin-orbit coupled spin-1/2 system and
one dark-state middle band. The middle-band minimum
is close to that of two bright-states, so significantly mod-
ifies the state density of system ground state. This effect
combining with interaction can offer a possible way to
generate a new type of dynamical stripe states with high
visibility and long tunable periods [28], so can bring the
advantage for the direct experimental observation. Fur-
thermore, the more complex spin-tensor momentum cou-
pling [29], such as, can induce different types of triply de-
generate points connected by intriguing Fermi arcs at sur-
faces. Therefore the STMC changes the band structure
dramatically, and leads to many interesting many-body
physics in the presence of interactions between atoms.
In this paper, we experimentally realize this new type of
STMC with two bright-state bands and one dark-state
middle band in spin-1 ultracold Fermi gases based on the
scheme in Ref. [28].
Dark states in quantum optics [30] and atom optics [31]
are well studied and have led to electromagnetically in-
duced transparency (EIT) [32, 33], stimulated Raman
adiabatic passage (STIRAP) [34] and subrecoil cooling
scheme such as velocity selective coherent population
trapping (VSCPT) [35]. Dark states are superpositions of
internal atomic ground states which are decoupled from
coupling and have not energy shift induced by coupling.
In contrast, bright-states have energy shift depending on
coupling strength. For example, considering a lambda
atomic systems (two ground states and one excited state)
coupled with a pair of near-resonant fields, the excita-
tion amplitudes of different ground states to the same
excited state destructively interfere to generate a dark
state. Thus when an atom is populated in such a dark
state, it remains unexcited and cannot fluoresce. In this
paper, we study STMC with the bright- and dark-states
in the continuous momentum space.
The realization of STMC in ultracold Fermi gases of
40K atoms is illustrated in Fig. 1(a), which is similar with
the scheme [28]. We choose three magnetic sublevels |↑〉
= |F = 9/2,mF = 1/2〉 (|9/2, 1/2〉), |0〉 = |9/2,−1/2〉,
and |↓〉 = |9/2,−3/2〉 of the F = 9/2 hyperfine level of
40K atomic electronic ground state as the three internal
spin states, where F denotes the total spin and mF is
the magnetic quantum number. The three spin states are
coupled by three Raman laser beams to generate STMC
as shown in Fig. 1(a) and (b). Here, two of the laser
beams 1, 3 and third laser 2 oppositely propagate along xˆ
direction. Therefore, the three lasers induce two Raman
transitions between hyperfine spin states |0〉 to |↑ (↓)〉
state with coupling strength Ωij , both of which have the
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2same recoil momentum 2~kr along the xˆ direction. Two
Raman couplings flip atoms from |0〉 to |↑ (↓)〉 spin states
and simultaneously impart momentum 2~kr via the two-
photon Raman process. However, the two spin states |↑〉
and |↓〉 aren’t coupled via Raman process due to ∆mF >
1 as shown in Fig. 1(b). The single particle motion along
xˆ direction can be expressed as the STMC Hamiltonian,
H = ~
 ~p
2
2m + δ −Ω122 ei2krx 0
−Ω122 e−i2krx ~p
2
2m −Ω232 ei2krx
0 −Ω232 e−i2krx ~p
2
2m + δ
 .
(1)
Here, δ is the two-photon Raman detuning, ~kr is the
single-photon recoil momentum of the Raman lasers, Ωij
is the coupling strength between the state |i〉 and |j〉 [37],
and ~ is the Planck’s constant. In order to eliminate the
space dependence of the off-diagonal terms for Raman
coupling in the original Hamiltonian, one can apply an
unitary transformation
U =
 e−i2krx 0 00 1 0
0 0 e−i2krx
 , (2)
to get the effective Hamiltonian
Heff = ~

~(px−2kr)2
2m + δ −Ω2 0
−Ω2 ~p
2
x
2m −Ω2
0 −Ω2 ~(px−2kr)
2
2m + δ

=
~2p2x
2m
+ (δ +
2~2k2r
m
− 2~
2krpx
m
)F 2z −
Ω
2
Fx. (3)
Here we set Ω12 = Ω23 = Ω, px indicates the quasi-
momentum along x direction. Here, a spin-1 system is
spanned by nine basis operators, which include the iden-
tity operator (I), the three vector spin operators (Fx, Fy,
and Fz) and the five spin quadrupole operators [36]. The
operators Fx and Fz can be written in the matrix form
Fx =
 0 1 01 0 1
0 1 0
 , Fz =
 1 0 00 0 0
0 0 −1
 .
(4)
The term pxF
2
z describes the one-dimensional coupling
between a spin tensor and the linear-momentum (i.e.,
the spin-tensor momentum coupling). We define the re-
coil momentum ~kr = 2pi~/λ and recoil energy Er =
(~kr)2/2m = ~Ω0 = h× 8.45 kHz as the natural momen-
tum and energy units, where m is the atomic mass of
40K, and λ = 768.85 nm is the wavelength of the Raman
laser.
The three dressed eigenstates of Eq. 3 are expressed
by the spin-1 basis (|↑〉 , |0〉, |↓〉)
|α〉 =a1 |↑〉+ b1 |0〉+ c1 |↓〉 , (5)
|β〉 =a2 |↑〉+ b2 |0〉+ c2 |↓〉 , (6)
|γ〉 =a3 |↑〉+ b3 |0〉+ c3 |↓〉 . (7)
where a1 = c1 = 1/
√
u2 + 2, b1 = −u/
√
u2 + 2, and
u = ((4px − δ − 4) −
√
(4px − δ − 4)2 + 2Ω2)/Ω. a2 =
c2 = 1/
√
v2 + 2, b2 = −v/
√
v2 + 2, and v = ((4px − δ −
4) +
√
(4px − δ − 4)2 + 2Ω2)/Ω. a3 = −c3 = 1/
√
2 and
b3 = 0. The |α〉 and |β〉 are the lowest and highest en-
ergy dressed states respectively. The |γ〉 is middle energy
dressed state.
We define the spin components |0〉 and |±〉 =
(1/
√
2)(|↑〉 ± |↓〉). The middle state |γ〉 corresponds to
the spin dressed component |−〉. For a single-particle
energy band structure, the lowest and highest bands of
STMC are the bright dressed states, which are composed
of three spin components |0〉, |↑〉 and |↓〉 and the am-
plitude of three spin components depend on the Ω and
δ. The energy shift of the lowest and highest bands of
STMC depends on the coupling strength as shown in
Fig. 1(c1) and (c2). The highest band of STMC moves
to higher energy and the lowest band to lower energy
as the coupling strength increases and the detuning δ is
fixed. The lowest and highest bands behave as a reg-
ular spin-orbit coupled spin-1/2 system. However, the
middle state (|γ〉) is independent on the Ω and δ from
Eq. (7). So the middle state |γ〉 has not energy shift by
Raman coupling, therefore called dark state. The dark-
state band plays an important role on both ground-state
and dynamical properties of the interacting BECs with
SOC as described in Ref [28].
We start quantum degenerate gases of 40K atoms at
the spin state |9/2, 9/2〉 by sympathetic evaporative cool-
ing to 1.5 µK with 87Rb atoms at the spin state |2, 2〉
in the quadrupole-Ioffe configuration (QUIC) trap, and
then transport them into the center of the glass cell in
favor of optical access, which is used in previous experi-
ments [37, 38]. Subsequently, we typically get the degen-
erate Fermi gas of (∼ 4 × 106) 40K atoms in the lowest
hyperfine Zeeman state |9/2, 9/2〉 by gradually decreas-
ing the depth of the optical trap. Finally, we obtain
ultracold Fermi gases with the temperature around 0.3
TF , where the Fermi temperature is defined by TF =
~ω¯(6N)1/3/kB . Here ω¯ = (ωxωyωz)1/3 ' 2pi × 80 Hz is
the geometric mean of the optical trap frequency for 40K
degenerate Fermi gas in our experiment, N is the particle
number of 40K atoms, and kB is the Boltzmann’s con-
stant. After the evaporation, the remaining 87Rb atoms
are removed by shining a resonant laser beam pulse (780
nm) for 0.03 ms without heating and losing 40K atoms.
Afterwards, the ultracold Fermi gases of |9/2, 9/2〉 state
in optical dipole trap are transferred into the spin state
|9/2, 3/2〉 using a rapid adiabatic passage induced by a rf
3xr
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FIG. 1. (Color online) Schematics of the Raman lasers
configuration and atomic levels of generating STMC.
(a) Raman lasers configuration to generate STMC in ultracold
Fermi gases. (b) Raman transitions between three hyperfine
spin states with detuning δ. (c1) and (c2) Theoretical single-
particle band structure for Raman strength ~ΩR=1.0Er and
2.5Er respectively. The detuning ~δ is set as 0.1Er. The
lowest band indicate the eigenstate |α〉, the hightest band
indicate the eigenstate |β〉, and the middle one indicates the
eigenstate |γ〉.
field with duration of 80 ms at B ' 19.6 G to avoid the
atomic loss because of other Feshbach resonance [39, 40],
where the center frequency of RF field is 6.17 MHz and
the scanning width is 0.4 MHz.
Three laser beams of 768.85 nm are used as the Ra-
man lasers to generate the STMC along xˆ, which are
extracted from a continuous-wave Ti:sapphire single fre-
quency laser. The Raman beams 1 and 2 are frequency-
shifted around 74.896 MHz and 122 MHz by two single
pass acousto-optic modulators (AOM), respectively. The
Raman beams 3 is double pass frequency-shifted around
166.15 MHz by AOM. Afterwards, the Raman beams 1
and 3 are coupled with the same polarization into one
polarization maintaining single-mode fibers, and Raman
beam 2 is sent to the second single-mode fiber to increase
the stability of the beam pointing and the quality of the
beam profile. The two Raman lasers 1 and 3 from the
first fiber and Raman laser 2 from second fiber counter-
propagate along the x axis, and are focused at the posi-
tion of the atomic cloud with 1/e2 radii of 200 µm, larger
than the Fermi radius 43 µm of the degenerate Fermi
gas [41], as shown in Fig. 1(a). The two Raman lasers
1, 3 and Raman laser 2 are linearly polarized along the
z and y directions, respectively, corresponding to drive pi
and σ transitions respectively relative to the quantization
axis z shown in Fig. 1(a).
A homogeneous magnetic bias field Bexp is applied in
the z axis (gravity direction) by a pair of quadrupole coils
described in Ref. [21], which generates Zeeman splitting
on the ground hyperfine state. We ramp the magnetic-
field to an expected field Bexp = 160 G during 30 ms, and
increase the intensity of the three Raman laser beams to
desired value in 20 ms to generate the STMC in three sub-
levels |9/2, 1/2〉, |9/2,−1/2〉, and |9/2,−3/2〉 of ultracold
Fermi gases. Here, we employ the spin injection spec-
trum to measure the energy band structure. So we pre-
pare STMC as the final empty state and the other state
|9/2, 3/2〉 as the initial state. A Gaussian shape pulse
of the rf field is applied for 450 µs to drive atoms from
|9/2, 3/2〉 to the final empty state with STMC [16, 17, 21].
Following the spin injection process, the Raman lasers,
the optical trap and the magnetic field are switched off
abruptly, and a magnetic field gradient is applied in the
first 10 ms during the first free expansion, which cre-
ates a spatial separation of different Zeeman states due
to Stern-Gerlach effect. At last, the atoms are imaged
along the z direction after total 12 ms free expansion,
which gives the momentum distribution for each spin
component. By counting the number of atoms in the
expected state as a function of the momentum and rf
frequency from the absorption image, the energy-band
structure can be obtained.
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FIG. 2. (Color online). Energy band structure of 1D
SOC ultracold Fermi gases. (a) A pair of Raman beams
couple two spin states |9/2, 1/2〉 (|↑〉) and |9/2,−1/2〉 (|0〉) to
generate 1D SOC system with the Raman coupling strength
~ΩR=2.5Er and the detuning ~δ=0Er. (b) Time-of-flight ab-
sorption image of spin injection spectroscopy at a given fre-
quency of rf field. (c1) and (c2) Reconstructed momentum-
and spin-resolved |↑〉 (blue) and |0〉 (red) spectra, respectively,
when driving atoms from the free spin state |9/2, 3/2〉. (c3)
Displaying two graphs (c1) and (c2) simultaneously.
4First, we measure energy-band structure of standard
1D SOC as shown in Fig. 2 which is similar as that re-
ported in Ref [17]. We prepare the atoms in the free
spin state |3/2, 9/2〉, then switch on two raman lasers
to generate the 1D SOC system with two spin states |↑〉
and |0〉. Using rf spin injection, we get the energy-band
structure of 1D SOC, which is agree with the theoretical
calculation well as shown in Fig. 2(c).
Now we study STMC and illustrate the middle state
|γ〉 as a dark state in the STMC system. We prepare
the ultracold atomic sample in the free state |9/2, 3/2〉
with fixed magnetic field, then switch on three Raman
laser to generate STMC system. Afterwards, we use rf
spin injection from free state to empty STMC system as
shown in Fig. 3(a). We obtain the energy spectrum of
STMC system as shown in Fig. 3. Here, the detuning
δ=0, and the Raman coupling strength Ω=2.5Ω0 (3Ω0)
shown in Fig. 3(c) ((d)).
The three spin components appear in TOF images (For
example in Fig. 3(b)) simultaneously when RF field drive
atoms into the lowest and highest bands. The color depth
contains the amplitude information of three spin compo-
nents for the lowest and highest bands in Fig. 3(c) and
(d). The highest band of STMC moving to higher en-
ergy and the lowest band to lower energy as the coupling
strength increases are shown in Fig. 3(c) and (d). It illus-
trates that the lowest and highest bands are the bright
dressed states and behave as a regular spin-orbit coupled
spin-1/2 system. However, the middle dressed state |γ〉
only includes two spin components |↑〉 and |↓〉 (the spin
dressed state |−〉). Therefore we only observe the two
spin components |↑〉 and |↓〉 in the middle band from RF
spectrum. Especially, almost no atoms in |0〉 spin com-
ponent are populated in the middle band as shown in
Fig. 3(c2) and (d2). Moreover, Fig. 3(c) and (d) shows
that the middle state |γ〉 is always a dark state without
energy shift and decouples from the Raman strength Ω.
We also employ another RF spectrum method to mea-
sure energy-band structure of STMC state [16]. Here,
atoms are prepared in STMC as the initial state and the
state |9/2, 3/2〉 as the final empty state. We first prepare
the ultracold atomic sample in the state |9/2, 1/2〉 at first,
then ramp on three Raman lasers with 5 ms to prepare
Fermi atoms into STMC state in equilibrium. Then we
apply rf pulse to drive the atoms from STMC state into
free state |9/2, 3/2〉 as shown in Fig. 4(a). We also get the
energy spectrum of STMC system as shown in Fig. 4(b)
and (c). Here, the Raman coupling strength Ω=2.5Ω0,
and the detuning δ=0. For rf spectrum of STMC, the
populated range into three bands of STMC by ramping
on three Raman lasers is determined by the temperature
of Fermi gases. The higher temperature of Fermi gases
will make the momentum distribution broader, which will
enlarge the measure range of energy band with compro-
mising the signal-noise ratio of RF spectroscopy.
In conclusion, we have realized a scheme for generat-
ing STMC system in ultracold Fermi gases, and demon-
strate the coupling between the spin tensors of atoms and
their linear momenta. We measure and get the energy
band structure of STMC via rf spin-injection spectrum.
From rf spin-injection spectrum, we demonstrated that
the middle state |γ〉 in the STMC system is a dark state.
In this work, the dark-state band is not coupled with two
bright-state bands through Raman coupling only for the
single-particle picture. The dark-state band will couple
with two bright-state bands in the presence of interac-
tions between atoms. Thus, if we prepare atoms initially
in the dark-state band, atoms will decay into the bright
band due to interaction. Moreover, forming the dark-
state band requires that the Raman detuning δ for |↑〉
and |↓〉 are exactly same. Otherwise, the dark-state band
will change into the bright band. The experimental re-
sults may motivate more theoretical and experimental
research of other novel topological matter, such as study
super-solid like stripe orders due to the existence of the
dark middle band, and may give rise to nontrivial topo-
logical matter with unprecedented properties in future.
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